The lowest room-temperature threshold current density, 26A/cm 2 , of any semiconductor diode lasers is reported for a quantum dot device with a single InAs dot layer contained within a strained In 0.15 Ga 0.85 As quantum well. The lasers are epitaxially grown on a GaAs substrate, and the emission wavelength is 1.25 µ m.
Introduction: It has been predicted that the threshold current density of quantum dot lasers should be lower than that of quantum well lasers due to the reduction of density of states [1] . In particular, efforts have been made in the past few years to reduce the threshold current density of quantum dot lasers on GaAs substrates [2, 3] . A recently developed approach is to put the InAs dots in a strained In 0.2 Ga 0. 8 As quantum well [3, 4] . This 'dot in a well' (DWELL) design not only improves carrier capture by the dots, but also increases the density of quantum dots (to 7 × 10 10 cm -2 ) over growth on GaAs directly. Consequently, lasing from a single layer of dots is possible at reasonable cavity lengths. While competition with radiative quantum well transitions was suggested as a concern [5] , quantum well transitions were not observed in previous work [3] or in this study. In this Letter, we present further improvements that have been made by putting a single layer of InAs quantum dots into a strained In 0.15 Ga 0.85 As quantum well. An extremely low threshold current density of 26A cm -2 has been achieved for a 7.8mm cavity length, cleaved facet laser. Other operating characteristics of these DWELL lasers are described.
Device structures and growth: The laser structure was grown by solidsource molecular beam epitaxy (MBE) on a ͗ 100 ͘ n + -GaAs substrate. The laser structure was the same as reported in [3] except that In 0.15 Ga 0.85 As was used as the quantum well. The epitaxial structure consists of an n -type (10 18 cm -3 ) 300nm thick GaAs buffer, a 2 µ m ntype (10 17 cm -3 ) lower Al 0.7 Ga 0.3 As cladding layer, a 230nm thick GaAs waveguide surrounding the laser active region, a 2 µ m p -type (10 17 cm -3 ) upper cladding layer, and a p + -doped (3 × 10 19 cm -3 ) 60nm thick GaAs cap. This cavity was a low-loss design following [6] . In the centre of the waveguide, an equivalent coverage of 2.4 monolayers of InAs results in quantum dots grown approximately in the middle of the 100Å In 0.15 Ga 0.85 As quantum well. The quantum dots and quantum well were grown at 510 ° C, and all other layers were grown at 610 ° C, as measured by an optical pyrometer.
Room temperature photoluminescence (PL) results are shown in Fig. 1 . The PL linewidth is 37meV and has been reduced compared with that in [3] . No emission from the quantum well is observed, providing clear proof of minimal competition from quantum well radiative transitions. This implies that the relaxation time from the quantum well to the quantum dots is much faster than the spontaneous lifetime of the quantum well.
Fig. 1 Photoluminescence spectrum of laser wafer
No emission from quantum well is observed; FWHM is 37meV
Fig. 2 Single facet output L-I curve of 7.8mm cavity length laser
Threshold current density is 26A/cm 2 ; external efficiency is 31% 
Fig. 4 Lasing spectrum at five times threshold current density
No emission from well is observed
Fig. 5 Threshold current against temperature for 7.8mm cavity length device
Results: Broad area lasers with 100 µ m stripe widths were fabricated from this structure. The wafer was then cleaved into 7.8mm long laser bars. All devices were tested with the n -side down on a thermoelectric cooler using pulsed excitation. The pulsewidth was 300ns with a duty cycle of 0.5%. The temperature of the thermoelectric cooler was set to be 20 ° C. The single facet output L -I curve from a typical bar is shown in Fig. 2 . The lasing threshold current is 200mA, which corresponds to a threshold current density of 26A cm -2 . The external quantum efficiency is 31%. The lowest previously reported threshold current densities for quantum wells lasers were ~50A cm -2 [7, 8] . The near-threshold lasing spectra at three different injection current levels, 0.90 I TH (180mA), 0.95 I TH (190mA) and I TH (200mA) were measured by an optical spectrum analyser (OSA) and are shown in Fig. 3 . The lasing wavelength is 1.25 µ m. Clear spectral narrowing can be observed at 0.95 I TH (190mA). A much broader spectrum was also taken at five times the threshold current and is shown in Fig. 4 . No emission from the quantum well layer is observed, again suggesting the lack of radiative competition from the quantum well and the rapid capture of carriers by the dots from the well. The dependence of the threshold current on temperature was also measured and is shown in Fig. 5 . The characteristic temperature T 0 is 60K between 10 and 50 ° C, and decreases significantly to 34.5K between 50 and 80 ° C. Carrier heating out of the quantum well may be one reason why the T 0 value of this laser is smaller than predicted T 0 values for quantum dot lasers [1] .
Conclusion:
We have demonstrated an extremely low threshold current density DWELL laser with a single layer of InAs quantum dots in an In 0.15 Ga 0.85 As quantum well. This is the first time that the threshold current density performance of quantum dot lasers has surpassed that of quantum well lasers. Experimental evidence suggests that the relaxation time from the quantum well to the quantum dots is much shorter than the spontaneous lifetime of the quantum well. The T 0 value for these DWELL lasers is 60K between 10 and 50 ° C.
